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Loading Guide for Oil-Immersed Power Transformers 
IEC 60076-7 


LJ IEC 60076-7 loading guide for oil immersed power transformers indicates how 
oil-immersed transformers can be operated in different ambient conditions and 


load levels without exceeding the acceptable deterioration limit of insulation 
due to thermal effects. 


U hot-spot temperature in a transformer winding consists of three components: 
» ambient temperature 
» top-oil temperature rise 
» hot-spot to top-oil gradient 


9, (1)=0, (t)+ ^0, (r)-- ^0, |. (t) 


Bottom of 
winding 





U both temperature rises during a transient period, i.e. in changing from one steady > 
state to another, could be modelled by functions of the exponential form x 
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Dynamic Thermal Modelling of Power Transformers: Why? 


Hot-Spot Temperature 
Loading Capacity 
Protection 
Ageing 
Cooling Control 
Run different loading and ambient scenarios 


Loss equation 


Op (1) = 63 + AO; + E x E - A&gi + filt)+ Ahi + Her Ki —Abmi Ix fole) 


N 1+ R 


Ambient temperature Oiltemperature rise 
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Dynamic Thermal Model Characteristic Temperatures: Simplified 
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HEAT RUN TEST 


J The heat run test, i.e. temperature rise test, is the type test carried out to verify 
the guaranteed temperature rises for oil and windings 


L] tis also used to reveal the possible overheated locations inside and outside 
windings due to high stray fields for the high powers 


U In addition, as indicated above, the temperature rises obtained during a heat-run 
test are used for estimating transformer loading capability by application of the 
relevant thermal models 


L] During a heat run test the following temperatures could be directly measured: 
» Ambient temperature 
> ` Top-oil temperature 
» Bottom-oil temperature 
» Hot-spot temperature, hottest winding temperature (if fiber optic sensors are installed) 


L] There are two methods used for performing the heat run test: 
> short circuit 
> back-to-back 
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|Top OH Tank — 5X —. 
| =| Top Oil-winding — — 
SC 'r 
Average Oil. 
4 
“ন ee / 
MA / 
Bottom Dil- i || FE 
Winding 
MN | 
# { Temperature 
Ambient rise 
F: 
p 
Protal total 
LEE 1 I PARATE ZE AZZ ix 
pos: presi 
I I I 
I I I 
- ' 
EM NEM 
Quam MERE a : ' 
ør” TERI 
Rt Bo | 
* I 
, I 
f s ' - 
I f ! i 
| - 
7 Bt i 
A I 
I 
Step 1 5 
= È 
Lo 
+ 
(f) 


Statnett 


8 





: © Inductive voltage drop in the winding: 
Cooling Curve l 
5 U=Ri+Cd®/dt=Ri+Ldi/dt mm p. 
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Hot-Spot Temperature Direct Measurements 


«— Power Supply (24VDC) 


Analog Output 
(0-1mA or 4-20mA) 
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Step 1: l;c-kl, 
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Specification 
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Steady state: Top-oil and Hot-spot Temperatures 
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Steady State Equations Background 


Presented at the 33" Annual Convection of the American Institute of Electrical Engineers, Cleveland , O., June 27, 
1916: Effect of Barometric Pressure on Temperature Rise of Self-Cooled Stationary Induction Aparatus by V.M: 
Montsinger 


1. Dulong and Petit Law, 1817: "The velocity of the cooling due solely to the contact of a gas is proportional to the 
excess of temperature in degrees centigrade raised to the power 1.233", This was later verified by Peclet! 
2. Lorenz (Ann. D. Physik, Vol. 13, p 582), 1881 derived for convection of heat from vertical plane surface: 


c=0.548e[(c * g e K3)/(h e H e 0,)]1/4 e 005 e A125 =Cte * A0125 


Where: Wc is heat convection per sq. Cm. Of surface, c is specific heat of gas at constant pressure, K is gas 
thermal conductivity, h is gas viscosity, 9, is gas average temperature, p is gas average density, g is 
gravitional content, H is height of plane and AB is difference in temperature of plane surface and of the gas 
at a great distance forme the plane. 


3.  Montsinger 


LJ Top-oil temperature rise: 


p-Ciee A0125 ID A0=K e PO 
A9/ A9, =(k/k,) ° (P/P,))5E—» k=k, => A0 -(P/P,)9 x A0, — R= P, Pra; P=P+Pgj P =P, +P, Pre" 


AB =[(1+R e K2)/(1 © R)J98 è AG; K2=P,/P,, , x-0.8-IEC 6007 
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Steady State Equations Background 


L] Hot-spot temperature rise over top-oil temperature: 
» Disc winding 


P=Cte e A9125 > A8=k e P08 
AB 4/A8 4, =(Ka/Kkar) ° (P/P,.)9* > ky=ky, En AO, =A04, ° (KAOS — A80, = H ° g, 
A0, =H * g. * Kt, y=1.6 (IEC 354, IEC 60076-2), y=1.3 (IEC 60076-7) 


Hot-spot to top-oil gradient= H e g. e KV 
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Steady State Equations Background 


Natural convection around vertical, 
inclined and horizontal plates and cylinders 


N,=C ° [G, ° PI" 


Nusselt-N -(a e h)/A 
Prandtl- P = (p e v * c)/A 
Grashof- G = (B * A0 e g * h° )/v2 


Measured: 
Oil Temperature 
Hot-spot temperature 
Surface heat flux, P 
Calculated: 
Surface temp. drop, ^O 
Mean boundary layer temp, 9. 


Average heat transfer coefficient, 
a=P/A0 
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No (G, = Pr); 


Nu, (G, d 
Pr), 





N. =C E [(G, ° PJP 
n, C 
Nu2=C d [(G, š P .),]"' 


N,=C © (6, P]^5 — aCe e A8" 
a=P/A@> > PeC* s Agi" 





Steady State Equations Background 


© x exponent (IEEE) © y exponent (IEEE) 
© exponent x is the slope of the line on log-log chart © exponent y is the slope of the line on log-log chart 
that bests fits the plot of the top-oil temperature that bests fits the plot of the average winding 
rise measured at the end of three temperature temperature rise above average top-oil 
test, ( 7096, 10096 and 12596), versus the loss temperature measured at the end of three 
equation temperature test, ( 7096, 10096 and 12596), versus 


the loading factor 

© This method assumes that the hot-spot rise over 
top oil temperature is proportional to the average 
winding rise over average oil temperature 


0/6 g/g, 





[(1+R x K2)/(1+R)] K 


slopes could be determined by the slopes of the lines that best fit the data 
points plotted using the least-squarer method 
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Hot spot factor 


Measurement: Fiber Optic 


B H-(Hot-spot to top oil)/(Average winding to average oil) 


Calculated: te y/2 VÅR 
H = AQ, "৷ = C | P, = D, 
te PL 
g C xP 


ave ave 









Hot-spot | 
Top of 








winding a 
Top ot winding 
Average oil Average winding l-a Vy ' i | ae 
: [pec ovn b. DUI | 
Bottom of Bottom oil 
winding 


lemperature 


Statnett .. 





Transformer Losses Classification 





structural Parts 


Transformer Total Losses-No-Load Losses 4 Load Losses 
Load Losses- DC Losses + Stray Losses 






Stray Losses-Winding Eddy Losses + Stray Losses in Structural Parts 


Stray Losses-Load Losses-DC Losses (obtained from measurements) 
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Transformer FEM Model 
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Thermal Hydraulic Network Model 
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Mean Disc Temperature 








—— Uniform losses 


vertical ducts 
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L] Pressure loss equilibrium in closed loops 
L] Conservation of mass at the nodes 


L] Conservation of thermal energy at the 
nodes 


L] Heat-transfer for each path 








HOT SPOT FACTOR: IEC 60076-2 


L] Hot-Spot Factor ( H) depends on: 

r= > Q-factor relates to the additional loss and 
depends on the ratio between the specific 
loss in the region of the leakage flux 
concentration (top winding) and the average 
specific loss of the winding 


50) 


Winding height (%) 





Micca ili > S-factor related to the efficiency of liquid 
| cooling circuits inside the winding 


Temperature-rise (K) 


H=QxS 
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S-factor 


LJ Evaluation of factor is related to 
the effects of the cooling liquid 
circuit, should be made by solving 
the hydraulic circuit at the top of 
any specific winding. 


oil outlet 
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Hot-spot Factor 


_ IEC 60076-7 
> -Distribution Transformers: H-1.1 
> -Medium and Large Power Transformer ONAN, ONAF, OFAF, ODAF: H=1.3 


— CIGRE WG12.09 Report: Experimental Determination of Power Transformer Hot-Spot 
Factor 


+ H-Factor Max:High Voltage Winding = H-Factor Min:High Voltage Winding + H-Factor Max:Low Voltage Winding = H-Factor Min:Low Voltage Winding 
2,5 





ONAN ONAF OFAF ODAF ONAN ONAF OFAF 
Cooling Mode Cooling Mode 
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Transient state: Hot-spot and Top-oil Temperatures 
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Heat balance equation: 


Din z Q. a Dese 
(Pj + Pre) * Ot =k, "Cin © SAGGirtABGi /Rin ww 


ne 





(P + Pie) "Rin =K11 Cin "Rin (SAO /St)+AO i 


Considering: 
Listeady state temperature rises 
dC, R. = (Cu Nip pee oil,rated 

(P, v P Rih,=A0 
(P + Pi) :'R..=A80 


oil,r 


= A0, e[(1+R * K2)/(1+R)]* 


oil,final 
Final differential equation for observed process : 


AQ, e[(1+R ° K^)/(1*R)]* =k 11 ` Toil, rated : (0A0 /6t)*^0,; 


oil 


Transient State: Top-Oil Time Constant 
F(t) 





= Calculated: C, xA0 
Vor I Dp - Tai TIME 
C, .,=0132xm,+0,0882xm, +0,4xm 
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Transient State: constant k,, 





min imize : > p (x), — Mf, | 





M indicates measured variable 

x is a vector whose element is only k,, thermal time constant 

fy is the relative increase of the top-oil temperature rise as per unit of the steady state value 

Mf; is the measured relative increase of the top-oil temperature rise as per unit of the steady state 


value 
jis the index for each time step over the test period with total losses 
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Transient state: Hot-Spot to Top-Oil Gradient Model 


Modelling Limitation: 





Ji 


1; 


py 


Hg gradient does not vary with time according to the exponential 
curve similar to top-oil rise. It follows an overshot function. 
Temperature gradient starts increasing instantly with heat generation 
Dissipation has a certain time lag as it takes some time before the oil 
circulation has adapted its speed to correspond to the increased load 
level. During this time lag generated heat is only stored 

Heat balance equation cannot be directly applied to Hg gradient in 
the form used for the top-oil model 

"Superimposed" Modelling with and without oil cooling effect 


Solution at load increase: 


AO, . (r)- AL, + Hg K° — AQ, , . ko. n ] — eV art) - (k, - 1) jl gs Men, lie) 








l | h | 
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Time (min) 
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f,(t) 
Solution at load decrease: 


AO, (t) = Hg K* 






f(t) > 


Transient state: Hot-Spot to Top-Oil Gradient Model 


400 MVA UNIT 120 kV WDG LOAD CURRENT 129% 


Relative winding hot-spot temperature rise above tap ail temperature 


2,5 





0 en 120 180 240 
Time min.) 





Statnett 


300 


400 MVA UNIT / 410 kV WDG / LOAD CURRENT 129% 


Relative winding hot-spot temperature rise above top oil temperature 


2,5 


— M easured 
1,5 — Calculated 
— Calculated BE, 


ü en 120 180 240 300 
Time rin.) 





— 120 kV WND hot-spot 
— 410 kV WND hot-spot 
— Top oil 


400MVA UNIT / LOAD CURRENT 129% 
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Transient state: Winding Time Constant 


XCX 
Cox akk E =275x-— E Cu 
wy 60x P (1+P, )xs, 
MEN t =l15x—— Al 
Twr is the winding time constant e (+P )xs 


g is the average winding to average oil gradient 
m, is the mass of the winding in kg 

c is the specific heat of the winding 

Pwr is the winding loss 

P. is the relative winding eddy loss 

s, is the current density 
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k,, and k,, constants 





MO, - MO, 
Mf, | — J J 
' AO 


h—o,steady state 






M indicates measured variable 

X is a vector whose elements are k,, and k,, constants 

fz; is the relative increase of the hot-spot to top-oil gradient as per unit of the steady state value 
Mf»; is the measured relative increase of the hot-spot to top-oil gradient as per unit of the steady state value ^ 


j is the index for each step over the test period with total losses 
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Recommended thermal characteristics for exponential 
equations 


Medium and large power transformers 


Distribution 
transformers 


OF 
restricted 
(see Note) 


ONAF 
restricted 
(see Note) 


ONAN 


da 

2 
$2 
Ex 
z š 


NOTE Ifa winding of an OM or OF-cooled transformer is zigzag-cooled, a radial spacer thickness of less than 3 
mm might cause a restricted oil circulation, i.e. a higher maximum value of the function f5(1) than obtained by 


spacers = = mm. 
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IEC 600 76-/ versus IEC 354 


Oil pocket 

CT 

Heating element 
Matching Resistance 
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Hot-Spot Temperature:400 MVA ONAF UNIT/120 kV WDG 


IEC 76-7: New and Active Guide 
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IEC 354: OLD GUIDE 
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Example: Loss of Life (IEC 60076-7) 


= Relative Aging Rate due to Hot-Spot Temperature (V): 


> Non-thermally Upgraded Paper > V = 2 (On —98)/6 


15000 15000 


» Thermally Upgraded Paper (== ) 
> y = e 110+273 0,4273 


> The relative ageing rate V = 1,0 corresponds to a temperature of 98 °C for non-thermally 
upgraded paper and to 110 °C for thermally upgraded paper: 





— + —_ Non mE paper insulation Upgraded paper insulation 





Loss-of-Life (L) 


> Over certain period: L=2V xt „, where n(1,N) 
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Loss of Life (SINTEF) 


J Relative Aging Rate due to Hot-Spot Temperature (V): 


>  Non-thermally Upgraded Paper & Thermally Upgraded Paper 


Ep 


V = A > R(0p+273) RO, +273) 


Ag 


JI, 


i Where: A-environmental factor, E-activation energy, B-basic dry&clean condition, R-molar gas constant 


BThe relative ageing rate V = 1,0 corresponds to a temperature of 98 °C for non-thermally 
upgraded paper and to 110 'C for thermally upgraded paper: 


Non-Upgarded Insulation 
ER 
IEC 76-7 Dry&Clean | 1.596 moisture | 3,5 % moisture | Dry&Oxygen 
HEER NEGLEN j ৰা FEE 


80) 0,125 
| 86| 0,25 
B| | 2000| == 2659| 10976 
— 116 8 


Upgraded Paper Insulation 
i == === ii ph EA 
IEC 76-7 |Dry&Clean 1.596 moisture |3,5 96 moisture |Dry&Oxygen 
— — 


= — 
_ 80| 0036 0,101] 0,189) 08384 0,787. 
— — ii| 003 oea 0.308] oeer T256 
AN oe DA 1008 2973 
| 0,282| 0417. 0788] 1,592|  3,054 


| 98 
104) 0536| 0651 1220| 2,480] ^ 4662 
po 128| 5801] 3,361] 6,302) _  12815| 22,315 





68,042 248,934 746,802 65,388 
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|... 140] 17199| X 7,112] 13336] 27,116 45,600, 


Loss of Life Example 











Load Steps of the Transformer Hot Spot Temperature Calculation 
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